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; This final report documents work performed by the Ceramics Research Division of ¢
| the Metals and Ceramics Laboratory at the Army Materials and Mechanics Resear:h Center, F
1 Watertown, Massachusetts, under Intra-Army Order #WESRF 79-288,
i
: The program was administered by the U.S. Army Engineer Waterways Experiment Sta-
3 ‘ﬁ tion in Vicksburg, Mississippi, under technical monitor Dr. K. Thornton. The thirty
s § water samples were collected by Mr, J. Carroll., Also contributing to the work reported
. }ﬁ herein were Messrs. T. Sheridan (X-ray diffraction), B. Strauss (emission spectroscopy),
W A. E, Ingram (surface area), A, Connolly (scanning electron microscopy), and C., Bonavita
r 3 (SEM size analysis).
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SUMMARY

The particulate matter of thirty water samples from the Mississippi River, Yazu
River, and Brown's Lake have been characterized, The results are summarized as

follows:

i e

15 wt% averaging 13 um, 85 wt% averaging

Mississippi River - bimodal distribution:
~0.1 um; surface area 4.01 m?/g.

i <

Yazu River - single broad distribution averaging 0.3 um; surface area 2,36 m?/g.

Lt i

Brown's Lake - bimodal distribution: 10 wt% averaging 11 um, 90 wt% averaging
0.2 um; surface area 8.07 m?/g.

OBJECTIVE

To characterize particulates in NMFC 196500 water samples: 30 samples, ten each
from the Mississippi River (MR-1 to MR-10), Yazu River (YR-1 to YR-10), and Brown's

Lake (BL-1 to BL-10).

APPROACH

Sample Preparations

All 30 samples had to be dried in order to perform the required analysis. The
following procedure was used:

1) pipetting off all but 20 ml of water from the settled samples, leaving the un-
disturbed sediment at the bottom of the jars;

2) shaking, to mix, the remaining 20 ml of water and sample;

3) pouring the mixed sample into a drying dish;

4) rinsing the jar with about 10 ml of distilled water and also pouring into the
drying dish;

5) drying in an oven at 90°C for about 8 hours or until the sediment is thoroughly
dried; and

6) breaking the dried sample, which is in the form of large thin sheets, with a
spatula,

Some tests required combining several samples together to provide enough material
for the test. Table 1 shows which samples were analyzed for each test,

Physical Characterization

Particle Size Distribution

Particle size distributions of each sample was determined with a Sedigraph (5000D,
Micromeritics Instrument Corporation),
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1 Table 1. WATERWAYS EXPERIMENT STATION
t
i Sedigraph  Surface Emission
i Sample  Traces Area® SEM Spec: XRD DTA°
! 8L
1 1 X
2 % X
°, 3 X X X X
: 4 X X
! 5 X b X X
i 6 X X X X
| 1 X X X X
. 8 X X X X
; 9 X X X X
\‘i 10 X :
3 !5 B
N \3 1 X
Ty 2 X X
1 3 X 3 X X
. 4 X X
i 5 X X X X
¥ 6 X X X X
5 1 X X X X
M 8 X X X X
3 9 X X X X
¢ 10 X
s MR
: g 1
. é ) 2 X X X X X
i A X
&
3 6 X X X X ‘
. ; } X X X X
1 *1 13% X X X X
[ g *Samples combined for analysis
{
Most samples were run separately in the Sedigraph; however, MR samples had to be
3 doubled up to obtain enough material for analysis. The samples were very difficult to (o
: 5 disperse in water with the result that the initial data was affected by problems with
2 flocculation and agglomeration of particles. The following procedure was adopted which |}
. produced very good results. k
1) A surfactant consisting of a 0.1 weight percent solution of sodium pyrophosphate |
in deionized water was used. ’

_ 2) The sample and solution were mixed with a magnetic stirrer for approximately
j 20 minutes,

prgrp—

3) The mixtures were then further diluted with the surfactant to near the limit
of Sedigraph sensitivity in order to remedy flocculation problems.

4) The sample and solution mixture was put into an ultrasonic bath for 20 minutes.

s 2 o

5) A solution of NaOH was added until the mixture pH was about 10.S5.

6) The mixture was reagitated for an additional 10 minutes in an ultrasonic mixer.
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To use the Sedigraph a value for the density of the particles making up the sam-
ples must be known. We assumed a value of 2.60 g/cc, because it was thought to be
representative of the average density for alpha quartz and clay materials.

Surface Area

The surface area was determined by the multiple point BET method.! The samples
were prepared by drying as previously described. Several samples had to be combined to
obtain enough sediment for an accurate surface area determinatior.

Scanning Electron Microscopy (SEM)

In order to observe individual particles under the SEM, a wvery dilute solution of
each sample had to be specially prepared, using the same technique as for the Sedigraph
analysis. This resulted in the breakdown of the large, agglomerated dry fragments, A
drop of this solution was then placed on a warmed SEM sample holder. The water was
allowed to evaporate, leaving a fairly well dispersed sediment sample. This sample was
then coated with a thin (400 R) gold-palladium alloy to prevent charge buildup on
the sample,

The frequency percent by number histogram distributions were derived from photo-
graphs of the samples at 2000X. The method for measuring the distribution used several
different photographs of each sample and an overlay grid. The size of the particle at
regular grid intervals was recorded with up to 100 counts taken on each photograph.

Chemical Characterization
Emission Spectroscopy

Semiquantitative emission spectroscopy was conducted on all three sediment samples,
The samples for emission spectroscopy were dried, as previously described, and con-
sisted of mixtures of several samples.

X-Ray Diffraction

X-ray diffraction analysis was performed by using CuKa radiation with a nickel
filter, setting the sensitivity to 500 cps and starting at a two theta angle of five
degrees. In all cases the samples were smear mounted on glass slides. (Recessed
plastic holders were tried but the results were of poor quality.)

SEM Energy Dispersive X-Ray Analysis

The preparations of samples for this analysis are identical to the SEM sample
preparation,

Using energy dispersive X-ray analysis (EDAX) on the scanning electron microscope,
semiquantitative chemical analyses were obtained on individual particles within the
samples. Two measurements were made on each sample: one on a large particle and the
other on the fine matrix phase,.

1. BRUNAUER, S., EMMETT, P. H., and TELLER, E. The Adsorption of Gases in Multi-Molecular Lavers. J. Am. Chem. Soc., v. 60,
1938, p. 309.




The measurements are recorded as electron volts (energy of characteristic X-rays)
versus counts, with the energy levels yielding unambiguous elemental analysis, while
their relative concentrations are obtained by peak (count) height measurements. The
characteristic voltages (eV) of the following elements were used in the analysis:

1,48 Al, 1,73 Si, 2.10 K, 6.30 Fe, and 7.95 Cu., Other elements, 2.0 eV Au and 2,75 eV
Pd, were present due to their use in sample preparation.

/ Differential Thermal Analysis

‘ Differential thermal analysis (DTA)} was carried out using a DuPont 990 Thermal

‘ Analyzer, A sample weight of 0,03 g (30 mg) was used with a heating rate of 5°C/min
o against an aAl,0; reference sample of similar weight. The samples were heated from
room temperature to 940°C to trace any organic peaks occurring in the sample. Upon
reaching 940°C the furnace was allowed to cool to 400°C. The sample was then reheated

7

-

\i to 700°C. For this second heating the instrument sensitivity was increased to observe
L 5 the weak alpha-to-beta quartz transformation peak at ~600°C,
‘.!
; RESULTS AND DISCUSSIONS
. ‘: Physical Characterization %

Macroscopic Characterization f

The as-received samples contain some fairly large [>0,1 mm (100 um)] fragments of
multicolored material. These fragments appeared stringy in nature and clogged up the
tubing used for particle size analysis. When dried, the samples had brown to gray
color tones with the MR samples darkest and BL samples the lightest. Under low-power
(100X) magnification, the samples appeared to have large, clear particles with sharp
o corners lying on brown powdery material. The possibility of two different phases, each
k- having a different size, became immediately apparent.
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{ Particle Size Distribution

Figure 1 illustrates the experimental range (experimental variz..on) of results
obtained on all samples, The data are plotted as cumulative mass percentage less than a
: a particular size versus log of equivalent spherical diameter., The effects of Brownian
E* 4 motion are pronounced for particles less than 1.0 um, making the experimental variation
2 of results for these particles noticeably larger. Roughly 25 wt% of all samples had an

equivalent spherical diameter (ESD) ~0.1 um. None of the samples had particles larger
than 40 um.

A Other graphical representations were produced using an average distribution for
s each sediment sample. By taking the slope along the average cumulative mass percent .
i curves [A wt% %+ A log ESD (um)], a frequency curve can be obtained as shown in Figure 2, |
Figure 3 presents lognormal plots of the three samples, using an average of the original |
] Sedigraph data. The straight lines show the populations within each sample if lognormal ! 3
e distributions are assumed, The idealized coarse and fine population lognormal distri- ; 3%
! bution lines are calculated in the following way: the actual frequency distribution T
‘ median values and standard deviations are iteratively estimated from the frequency dis-
‘ tribution until idealized frequency distribution curves closely approximate the actual
i data,
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Figure 2. Unsmoothed frequency distribution curves calculated from Sedigraph traces.

Using the lognormal distribution equations (presented in Table 2), and the Zdealized
lognormal population means and standard deviations (Table 3), a smooth frequency distri-
bution plot can be determined (Figure 4). This matches very well with the frequency
plot from the raw data (Figure 2).

The idealized Sedigraph results, summarized in Table 3, clearly show differences
between all three samples. Samples MR and BL contain two distinct populations: coarse

fractions having medians about 11 ym and fine fractions with medians of about 0.2 um,
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Table 2. LOGNORMAL PARAMETERS AND EQUATIONS

(c) = geometric median diameter for coarse population
dg (f} = geometric median diameter for fine population
oy {c) = geometric standard deviation for coarse population
oq (f) = geometric standard deviation for fine popufation
flc) = weight fraction of sample in coarse population
f i = weight fraction of sample in fine population
fleh+fif)=1

1) Normal Gaussian distribution equation:
1 -
) 7o exp | {x-RI202)
2) Lognormal Gaussian distribution equation used for analysis
of powders less than 100 z.m:
. 1 2- 2 2
f{x) iiog og) 757 exp -(2-(log dg)l</2(log ag)
3) Lognormal bimodal Gaussian distribution equation used for
analysis of powders less than 100 pm:
. fic) . 2 2
fix) ffog oglch /%7 exp -12-{log dglch1</2(l0g o'q(c)) +

fif) " ) )
iiog ot 727 P (2-tog dgif)é/2log oyl

2

b
T

Calculated Population
Frequency
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Figure 3. Actua! and calculated lognormal distributic
samples plotted on log-probability paper.

Table 3. SUMMARY OF SEDIGRAPH RESULTS

Mode 1 Mode 2
Percent of Percent
dg €} oglc) Sample’ dg f) og f}  Sampl
BL 1lum 178 10 0.2um 6.3 90
YR 0.3 um 15.85 100
MR  12um 199 15 0.2 um 19.95 85

*Estimated
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The YR sample appears to have only one very broad population present, with a median

value of 0,3 um. These idealized results, however, are slightly different from data
extracted from Figure 2, From this figure 'the following results are deduced:*

BL: two populations: 10 wt% averaging 11 um; 90 wt% averaging ~0.16 um; ;

YR: single broad distribution averaging 0.3 um; and

MR: two populations: 15 wt% averaging 13 um; 85 wt% averaging 0.1 um (the experi-
moat 2l limit of the Sedigraph).

Surface Area

The surface area results are given in Table 4. 1Ideal spherical diameters assuming
a density of 2,6 g/cc were calculated and are also listed in the table. Interpretation
of surface area values of multimode populations is extremely difficult., At first glance
the results do not seem to compare with the Sedigraph data; however, closer inspection
of Figure 4 reveals reasonable rationale, The high surface area of the BL sample can
be ascribed to the large population of the fine fraction as compared to the other two.

Table 4. SURFACE AREA DATA

X-Ray Sedigraph

Percent of
Sw(m2igl d(Sy), um dg ), um Population

BL 8.07 0.286 0.2 %
YR 2.36 0.977 0.3 100
MR 4.0 0.576 0.2 8

*Equivalent spherical diameter assuming 100% monospheres

and p = 2.6 g/cc

*The percentages are deduced from the total area under the curve, not from relative peak heights.

-
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3 The MR sample has a relatively large fraction of larger size particles, suggesting a
low surface area; however, the large amount of the <0,1 um material contributes signifi-
cantly to the total surface area, The surface irregularity (deviation from sphericity)
of the individual particles can also significantly affect the results,

SEM Analysis

Scanning electron microscopy (SEM) photographs ranging in magnifications from 20X
to 10,000X are shown in Figures 5, 6, and 7. The 1,000X magnification photographs

YT

B R i S B O

(a)

Figure 6. SEM photographs of matrices.
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Figure 7. MR samplie {a); YR sample showing organic rim (b); and
MR sample showing platy structure of matrix (c).

(Figure 6a) show the MR sample containing larger particles (~12 um) than BL or YR. The
MR sample also appears to have two very distinct populations present, one having parti-
cles near 10 um while the other contains particles less than 0,1 um, confirming the
Sedigraph results. The BL and YR samples also contain particles over a broad range of
sizes, with the largest being 10 um. These two samples contain more intermediate sized
particles, near 4 um, than MR, which gives them a coarser appearance, Figure 6b shows
5,000X photographs of the matrix phase for each sample.

The platy structure of particles in the l-um size range can be readily observed in
Figure 7c¢, The 200X photograph (Figure 7b) shows the outer cracked rim which forms
when the sample is prepared. It is presumed the rim contains predominantly organic
matter from the sample.

The large particles in Figure 5 are determined to be quartz by energy-dispersive
X-ray analysis. Particle size distributions were determined by using the SEM photo-
graphs, Figure 8 presents histograms plotted as the number percent of particles in a
size range versus particle diameter, The frequency block at 0,2 um represents all par-
ticles counted that were less than this value, Again the multimode characteristics of
the powder distribution can be observed. MR has the largest percent of particles less
than 0.2 um, while BL has the largest percent of particles in the 1.0-um range. All
three samples show two populations present, one near 1,5 um and the other at less than

0.2 um,

Comparison of these histograms to the Sedigraph frequency distribution plots in
Figure 4 reveal an interesting relationship, often overlooked, While the microscope
particle size distributions frequency is in number percent, the Sedigraph distribution

1 1+ % P T~ ATHY
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Figure 8. Histograms of percent by number from SEM of samples.
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is in terms of weight per-ent. The weight percent distribution can casily be converted
into a number percent distribution, assuming ideal lognormal singlc-mode distribution,
In these terms, the microscope and Sedigraph distributions agree within reasonable
limits, The following example will illustrate this point: assume a population of 1001
spheres consisting of one 10-pm particle and a thousand l-um particles. The total
weight of the small particles is equal to the weight of the single large particle.
Therefore, the coarse fraction makes up 50% by w2ight of the sample. In the number
percent calculation, the large particle is counted only once so it makes up only 0.1% 4
by number of the sample.

Chemical Characterization

..

Emission Spectroscopy 1

. N Semiquantitative emission spectroscopy results on all three samples are listed in
) Table 5. No major differences were noted in the major chemistry., Silicon, iron, and 4
aluminum are the major elements, while calcium, magnesium, and sodium also significantly
contribute to the overall chemistry. Differences appear to consist of BL and MR being
higher in calcium, whereas BL has more sodium than YR and MR.

-

po

X-Ray Diffraction 1

. 4. .

The BL sample appeared to be the least crystalline material, due to few non-alpha T
quartz diffraction peaks. Table 6 lists the approximate relative intensities and
d-spacings for the samples, Phase identification was assisted by the JCPDS*-Johnson/
Vand Powder Diffraction Search/Match Computer Program. The results are listed in
Table 7. Alpha quartz (SiO;) was the most abundant crystalline phase present in all

v o B o

1 ! Table 6. X-RAY POWDER DIFFRACTION DATA

8L YR MR ]

aA 1 dA 1 dA

‘ Tabie 5. SEMIQUANTITATIVE e —
EMISSION SPECTROSCOPY* BB 4 W48 5 K4W T
, el 10464 26 10282 3 0.2 6
BL YR MR .3 10 .03 16 1.65 8

: ¢ 12 4w 8 6B 6 1
| si >10 >10 >10 I8 16 419 16 495 3
T4 Fe 5-10 5-10 5-10 3.32¢ 100 354 20 448 7
Al -5 ~5 -5 Z4r 15 331 100 420 A
Ca 1-5 -1 -5 L9* 10 3140 20 39 6
M 1-5 1-5 1-5 L8122 10 2.4 7 3312 100
Na -5 -1 -1 20 6 315 B
Ba -0.5 ~0.5 ~0.5 197 10 30® 7
i 0.5 ~0.5 ~0.5 18 12 299 5
: W -0.5 ~0.5 ~0.5 1666 8 286 5
ko Mn 0.1-0.5 ~0.1 0.1-0.5 153 10 2559 8
p ! B ~0.05 ~0.01 ~0.05 Ltz 8 242 N1
b cr ~0.05 ~0.05 ~0.05 220 10
5 Cu ~0.05 ~0.05 ~0.05 ¥ S |
Y Ni ~0.05 ~0.05 ~0.05 215 8
- v ~0.05 ~0.05 ~0.05 193 8
» L8 19
i *Approximate weight percent of total sample Lest 10
i L5315
! L4 6
! L n
¢ ——

*asioy (POF #5-0490)

*joint Committee on Powder Diffraction Standards, 1601 Park Lane, Swarthmore, PA 19081.
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samples. Analysis of remaining non-Si0, peaks revealed at least two other phases: one
a chlorite-type clay and the other difficult to determine accurately. The percentages
of each phase present are only estimates due to possible preferred orientation of the
clay particles and the presence of noncrystalline clays and organics.

Energy-Dispersive X-Ray Analysis

Energy-dispersive X-ray analysis results are listed in Table 8. Figure 9 is an
example of the EDAX analysis. In all samples the matrix has an Al,Si ratio from 10 to
10C while the large particle ratio is much smaller, 0.2 to 3.0, Although this analysis
was conducted on a very small number (certainly not a representative sample) of large
particles, some tentative conclusion can be made, The large particles in the BL mate-
- rial are predominantly quartz, whereas the high aluminum content of the YR large particle

may mean the presence of corundum or altered plagioclase feldspar, The large particu-
lates in MR could be made up of quartz and altered orthoclase feldspar.

N
oA
' Table 7. X-PAY DIFFRACTION COMPUTER-
. ASSISTED ANALYSIS
: s IR o Table 8. NONDISPERSIVE X-RAY ANALYSIS®
' BL 65% Alpha Quartz  Si0?
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i
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i ¥5 9099 N3 9WRYV/
-
N
t
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i
1 . . .
. 8. BL sampie - large particle b. BL sample - matrix material

Figure 9. Energy-dispersive X-ray analysis.
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Differential Thermal Analysis

Since clay materials differ in their characteristic DTA curves, this method of
analysis was chosen to aid in determination of the clay phases. The resulting traces
are shown in Figure 10. These samples have very different patterns than expected.

Clays typically have several endotliermic peaks, one at low temperatures due to water
loss and one near 570°C due to a dehydroxylation reaction. However, as seen in the di-
agram, no endothermic peaks seem to occur, only exothermic. The exothermic peaks are
due to burning organic materials within the sample. These reactions are strong enough
to overwhelm any possible clay peaks. Unaltered carbonaceous remains (algal remains
and/or peaty components) burn out between 300°C and 350°C. At 380°C volatile components
are liberated from organics while at 500°C free carbon burns.?

The alpha-to-beta quartz transformation peak was obtained by reheating the sample
after the organics were burned off. The occurrence of this peak implies that the sam-
ples probably contain at least two crystalline phases, quartz and an unidentifiable
clay material. From these scans we are able to obtain the relative amounts of organics
within each sample, The MR sample contains the most organics and YR the least.

Since in the absence of air we could not obtain the exothermic peaks due to carbon-
aceous oxidation, several scans were run in an argon atmosphere. These results provided
no further information,

Heat rate * 5 C/min

Alp0; standard
Heat 1 sensitivity = 0.5 MR
Heat 2 sensitivity = 0.05 -——--p

Exothermic

Exother mic

Oitsy

AHi-)

Endothermic

Endothermic

T ideg C) T (deg C}
a. First heating b. Second heating

Figure 10. DTA scans.

2. GRIMSHAW, R. W., and ROBERTS, A. L. Carbonaceous Materials, Chapter X VI in Differential Thermal Investigation of Clays,
Robert C. MacKenzie, ed., London Mineralogical Society (Clay Minerals Group), 1966, p. 404-417.
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CONCLUSIONS

Table 9 summarizes the conclusions detailed below,

Table 9. SUMMARY OF RESULTS

BL YR MR
Population 2 Modes 1 Broad Mode 2 Modes
Large Fraction
Population, % 10 - 15
Median Size, um 11 - 13
Width 1.78 - 1.99
Composition Quartz Quartz and Quartz and
Corundum Orthoclase Feldspar
Fine Fraction
Population, % 90 100 85
Median Size, um 0.2 0.3 < 0.1
Width 6.3 15.85 19.95
Composition Clay Clay Clay
Surface Area, sq mlg 8.07 2.36 4,01
Organic Matter Intermediate Least Largest

The Brown's Lake sample is bimodally distributed with 10 wt% of the total particu-
late population being large, nearly spherical quartz grains having a median size of 11 um
and the remaining 90 wt% consisting of a very broad distribution of an iron-rich chlorite-
like clay with a median size near 0.2 um, Differential thermal analysis suggests the
presence of a fairly large quantity of carbonaceous material. X-ray diffraction analysis
also indicates that the clay phase is poorly crystallized or X-ray amorphous.

The Yazu River material is a broadly distributed powder with a median near 0.3 um,
The larger size fraction is predominantly quartz with smaller amounts of corundum or
altered plagioclase feldspar, while the very fine particles are essentially a poorly
crystallized chloritic clay material. This sample contains a much larger proportion of
particles in the 1- to 5-um range than the other two (BL and MR) populations, It also
contains the least amount of organic matter.

The Mississippi River sample also has a bimodal distribution. Fifteen weight per-
cent of the total population consists of irregularly shaped quartz or altered orthoclase
feldspar grains with a median size of 13 um, while the remaining 85 wt% is a fine mont-
morillonite or chlorite-type clay with a median size of less than 0.1 um. The SEM analy-
sis clearly shows that there is a more discernible size difference between the large and
fine fractions of this material than the other two samples, This sample also contains
the most organic matter and clay phases which exhibit X-ray diffraction patterns sug-
gesting a more crystalline material,

14

i 1




{
i
g (
(I
(3 !
1
il
|
.
1
:
l

Ho

PRt

CISTRIBYT

T isT

0’
X Te

Stice ot tre Lrder seoretary ot Setense tor Researcn and
tngineering, The Pentagon, Washingtan, D.C. 2007
ATTIN: Mr, ], Persh

Jre, s, bamota

Commander, Defense Technical Information Center,
Cameron Station, Building 5, 5010 Duke Street,
Alesandria, (iriinia 22314

Nationa) Technical nformation Service, 5285 Port Royal Hoad,
Springfield, Yirginta 2216)

Director, Defense idvanced Research Projects Agency,
1400 wWirlson Boulevard, Arlington, Virginia 22209
ATTN:  Dr, A, Bement

Ur. van Reuth

MA.! Harry Winsor

Battelle (olumbus Laboratories, Metals and Ceramics
Information (enter, 50% King Avenue, Columbus, Ohio 43201
ATIN:  Mr, Winston utkworth

Jro D, Niese

Jr. R, Wills

Jeputy Lhiet of Staff, Researcn, Levelopment, and Acquisition,
Weadquarters, uepartment of the Army, Washington, D.(, 20310
ATIN:  DAMA-ARJ

DAMA-(SS, ur, 1, Bryant

DAMA-PPP | My R, Vawter

_ommander, U!.5, Army Med1cal Research and Ueveloprent Lommand,
tort Detrios, irederick, Maryland 21700
ATIN:  SGRU-S!, Mr. Lawrence L. ware, Jr.

Lommander, Army Fesearce Offrce, PO, Box 12711, Researcn
Triangle Park, North Jarolina 7704
ATTN:  Information Processing Office

Ur, 5, Mayer

Gr.oo b, Hurt

(ommander, U.S. Army Materiel Jevelopment and Readiness
Command, 5001 fisenhower Avenue, Alexandria, virginia 22333
ATTN: DRCOMD-ST

JRCLDC

Commander, 1.5, Army tlectronics Research and Development
“ommand, fort Monmouth, New lersey 07703
ATTN: DELSDL-L

“ommander, |,%. Army Materiel Systems Analysis Activity,
Aberdeen Praving Ground, Maryland 21005
ATTN: DRxSY-MF | K, phen

_ammander, .S, frmy Nigrt Jision flectro-Uptics taboratory,
Fort Belvoir, virgimia 22060
ATIN:  JEuN-S, Mr, P, Travesky

DELNY-1 -0, Or, KR, Buser

_ommander, Harry Diamond .ahoratories, 2RO, Powder Ms11 Woad,
Adelphy, Maryland 207s1
ATTN: Mr, A, Benderly

Technical Information Hffice

JELHD-RAL

{ommander, U,5, Army Missile  omrand, Redstone Arsenal,
Alabama 35409
ATIN: Mr, P rmghy

Technical L ibrary

ORSMI-TB, Redstone Sctentific Information center

wiation Research and Jevelopment (ommand,
6310

Commander, .5, Amm
4300 Goodfellow Soulevard, 5t, Lours, Missoury
ATTN:  DRDAY-F27

ORDAY-QF

Technical (brary

Lommander, U,%. Army Naticy Research and Jevelopment
Command, Natick, Massachusetts 17A0
ATTN:  Technical itirary

Jr, 1. Hanson

Commander, 1,5, hrmy Satellite (ommunications Agency,
fFort Manmouth, New Jersey 17704
ATIN:  “erhnical Docament enter

Commander, '1.5, Army Tank-iutomotive Regearch and
Development { ommand, Warren, Michigan 48090
ATTN: Dr, W, Brysn
Mr, |, Mamperian
i, Hose
ORDTARYA . v 10 mevalier
(ROTAZiL, Techny al | 1brary
DRDTA-P

vy o

aptander, LS, ety Arrarent Fesedrchoand Developmert
Command, Dover, New Jersey (7801
ATTN: Mr, J. Lannon
br. G, Vezzoli
Mr. A, Graf
Mr. Harry E, Pebly, Jr., PLASTEC, Director
Technical Library

ommander, .S, Army Armament Materiel feadiness lommand,
ook lsland, 11lingis 61299
ATIN:  Technical Library

Commander, Aberdeen Proving Ground, Maryland 21005
ATTN:  DRUAR-LLB-PS, Mr. J. Vervier

Commander, U.S. Army Mobility Equipment Research and
Development Command, Fort Belvoir, Virginia 22060
ATTH:  DRUME-EM, Mr, W. McGovern

DRUME-V, Mr, £, York

URODME-X, Mr, H, J, Peters

Director, U,S. Army Ballistic Research Laboratory,
Aperdeen Proving Ground, Maryland 21005
ATTN: LRDAR-TSB-S (STINFG)

Commander, Rock Island Arsenal, Rock [sland, I1linois 61299
ATTN:  SARRI-EN

Lommander, U.S. Army Test and Evaluation Command, Aberdeen
Proving Ground, Maryland 21005
ATTN:  ORSTE-ME

{ommander, U.5. Army Foreign Science and Technology Center,
220 7th Street, N.[,, (narlottesville, Virginia 22901
ATTN: Military Tech, Mr. w, Marley

(hiet, Benet Weapons Laboratory, LUWSL, USA ARRADCOM,
Watervliet, New Yors 12159
ATTN:  ORDAR-LCB-TL

Commander, Watervliet Arsenal, Watervliet, New York 12189
ATTN:  Ur, T, Davidson

Uirector, Eustis Utrrectorate, U.S. Army Mgbility Research
and Development Laboratory, tort Eustis, Virginia 23604
ATIN: Mr_ ., Robinson, SAVOL-E-MOS {AVRADCOM;

Mr. {, wWalker

Commander, U,5, Army [ngineer Waterways Experiment Station,
vicksburyg, Missiseippi 319180
ATIN: Research Lenter Library

«.5, Army Munitions Production Base Modernization Agency,
iover, New Jersey (7801
4TIN: SARPM-PBM.P

Technical [irector, Human Engineering Laboratories,
Aperdeen Froving Ground, Mdaryland 21005
ATIN:  Tecnnmical Reports Office

nief o* Naval Researcn, arlington, Virginia 22217
ATTN: ade 471

Lo AL Lness

e, B, Fonanka

Naval Resparcn ighoratory, Washington, 4,0, 20375
ATTN: D, 0L ML rrafft - Lode 5830

Mr, R, Rice

ur, im0 L (nang

Headguarters, Naval A1r Systems [ommand,
Washington, O,., /0360
ATIND Dode 62703

Lode MAT. 3™

My 1L Macnlan

Headquarters, Naval Sea Systems (ommand, 1941 Jefferson
lavis Highway, Arlinaton, virjinia 22376
ATIN:  ode 3%

Headyuarters, Naval tlectronics Systems (ommand,
Washington, D,u, 20361
ATIN:  {ode 404

Commander, Nava) Ordnance Statson, louisville,
ventucky 40214
ATIN: (o o 8%

Lommander, Naval Material [Inductrial Resouries Office,
Butlding &437-2, Fniladelphia Naval Rase, Philadelphia,
Penncylvanta 191170

ATIN:  Technical [arector




¢

8 e

{

PO YOV I T R,

SO

of

-opies To

. of
coptes

-

0

Commander, Naval Weapons Center, (hina Lake,
California 93555
ATTN: Mr, f. Markarian

Mr, E. Teppo

Mr. M. Ritchie

Commander, U.S. Air Force of Scientific Research,
Building 410, Bolling Air force Base, Washington, D,C. 20332
ATIN: MAJ W. Simmons

Commander, U.S. Air lorce Materials Laboratory, Wright-
Patterson Air Force Base, Ohio 45433
ATIN: Dr. N, Tallan

Or. H. Graham

Dr. R. Ruh

Mr. K. S. Mazdiyasni

Aero Propulsion Labs, Mr, R. Marsh

Commander, Air force Weapons Laboratory, Kirtland Air Fforce
Base, Albuguerque, New Mexico 87115
ATTN: Dr, R, Rudder

Commander, Air Force Armament Center, Eglin Air force Base,
Florida 32542
ATTN: Technical Library

National Aeronautics and Space Administration,
Washington, D.C. 20546
ATIN: Mr, G. C. Deutsch - Code RW
Mr. J. Gangler
AFSS5-AD, Office of Scientific and Technical Information

National Aeronautics and Space Administration, Lewis Research
Center, 21000 Brookpark Road, Cleveland, Ohio 44135
ATTN: J, Accurio, USAMRDL

Dr. H. B. Probst, MS 49-1

Or. R, Ashbrook

br. S. Dutta

Mr, C, Blankenship

National Aeronautics and Space Administration, Langley
Research Center, Hampton, Virginia 23665
ATTN: Mr, J. Buckley, Mail Stop 387

Commander, White Sands Missile Range, Electronic Warfare
Laboratory, OMEW, ERADCOM, White Sands, New Mexico 88002
ATTN: Mr, Thomas Reader, DRSEL-WLM-ME

Department of Energy, Division of Transportation,
20 Massachusetts Avenue, N.W., Washington, D.C. 20545
ATTN: Mr, George Thur (TEC)

Mr, Robert Schulz (TEC)

Mr, John Neal (CLNRT)

Mr, Steve Wander (Fossil Fuels)

Department of Transportation, 400 Seventh Street, S.W.,
Washington, D.C. 590
ATTN: Mr, M, Lauriente

Mechanical Properties Data Center, Belfour Stulen Inc.,
13917 W. Bay Shore Drive, Traverse City, Michigan 49684

National Bureau of Standards, Washington, 0.C. 20234
ATTN: Jr. S, Wiederhorn
Dr, J. B. Wachtman

National Research Council, National Materials Advisory
Board, 2101 Constitution Avenue, Washington, D.C, 20418
ATTN: Dr, W. Prindle

0. Groves

R, M, Spriggs

Natioral Science Foundation, Washington, D.C. 20550
ATTN: B, A, Wilcox

Admiralty Materials Tecnnology Establishment, Polle, Dorset
BH16 6JU, United Kingdom
ATTN: Or, D. Godfrey

Dr, M, Lindley

AfResearch Manufacturing Company, AiResearch Casting Company,
2525 West 190th Street, Torrance, California 90505
ATTN: Mr, ¥, Styhr

Or. 0. Kotchick

AiResearch Manufacturing Company, Materials Engineering Jept.,
111 South 34th Street, P,0, Box 5217, Phoenix, Arizona 85010
ATTN: Mr, D. W. Richerson, MS 93-393/503-44

Or. W, Carruthers

AYCO Corporation, Applied Technology Division, Lowell
Industrial Park, lLowell, Massachusetts 01887
ATTN: Dr. 7. Vasilos

PPN

Carborundum Company, Research and Jevelopment Division,
P.0. Box 1054, Niagara Falls, New York 14302
ATTN: Dr, J. A, Coppola

Case Western Reserve University, Department of Metallurgy,
Cleveland, Ohio 44106
ATTN: Prof. A, H. Heuer

Ceradyne, Inc., P.0. Box 11030, 3030 South Red Hill Avenue,
Santa Ana, California 9270%
ATTH: Dr. Richard Palicka

Combustion Engineering, Inc., 911 West Main Street,
Chattanooga, Tennessee 37402
ATTN: €. H, Sump

Cummins Engine Company, Columbus, Indiana 47201
ATTN: Mr, R, Kamo

Defence Research Establishment Pacific, FMO, Victoria, B.C,,
v0S 180, Canada
ATTN: R, D. Barer

Deposits and Composites, Inc., 1821 Michael Faraday Drive,
Reston, Virginia 22090
ATTN: Mr. R. E, Engdahl

Electric Power Research Institute, P.0. Box 10412,
3412 Hillview Avenue, Palo Alto, California 94304
ATTN: Dr. A, Cohn

European Research Office, 223 01d Maryleborne Road, London,
NW1 -~ 5th, England
ATTN: Dr, R, Quattrone

LT COL James Kennedy

FMC Corporation, 1105 Coleman Avenue, Box 1201,

San Jose, California 95108

ATTN: DOr. A, E, Gorum, Manager of Advanced Technology
Ordnance Engineering Division

Ford Motor Company, Turbine Research Department,
20000 Rotunda Drive, Dearborn, Michigan 48121
ATTN: Mr, A, F, McLean

Mr. E. A, Fisher

Mr. J. A. Mangels

Mr. R, Govilla

General Atomic Company, P.0. Box 81608,
San Diego, California 92138
ATTN: Jim Halzgraf

General Electric Company, Mail Orop H-99,
Cincinnati, Ohio 45215
ATTN: Mr, Warren Nelson

General Electric Company, Research and Development Center,
Box 8, Schenectady, New York 12345
ATTN: Dr, R. J, Charles

Dr. C. D. Greskovich

Dr, S. Prochazka

General Motors Corporation, AC Spark Plug Division, Flint,
Michigan 48556
ATTN: Dr, M. Berg

Georgia Institute of Technology, EES, Atlanta, Georgia 30332
ATTN: Mr, J, D, Walton

GTE Laboratories, Waltham Research Center, 40 Sylvan Road,
Waltham, Massachusetts 02154
ATTN: Dr. C. Quackenbush

Dr. W, H, Rhodes

IIT Research Institute, 10 West 35th Street,

Chicago, I1linois 60616

ATTN: Mr, S, Bortz, Director, Ceramics Research
Dr. D. Larsen

Institut fur Werkstoff-Forschung, DFVLR, 505 Porz-Wahn,
Linder Hohe, Germany
ATTN: Dr, W. Bunk

Institut fur Werkstoff-Forschung, DFVLR, 5000 Koln 90(Porz),
Linder Hohe, Germany
ATTN: Dr. Ing Jurgen Heinrich

International Harvester, Solar Division, 2200 Pacific Mighway,
P,0, Box 80966, San Diego, California 92138
ATTN: Dr, A, Metcalfe

Ms, M, E, Gulden




. or o4

8 .

4

RPN 0% SN 7 Sy

ot

[

ATTN: Dr. P. Jorgensen
Dr. D. Rowcliffe

No. of No. of
Copies To Lopies Tu
Jet Propulsion Laboratory, C.1.7., 4800 Oak Grove Drive, State Jniversity ot New York at Stony Brook, Uepartment of
Pasadena, California 91103 Materials Science, Long Island, New York 11790
1 ATIN: Dr, Richard Smoak 1 ATTN: Prof. Franklin F, Y, Wang
Kawecki Berylco Industries, Inc., P,O, Box 1462, TRW Defense and Space Systems Group, Redondo Beach,
Reading, Pennsylvania 19603 California 90278
1 ATIN: Mr. R, J. Longenecker 1 ATIN: Francis E. Fendell
Martin Macietta Laborateries, 1450 South Rolling Road, united Technologies researtn Lenter, tast Hartford,
Baltimore, Maryland 21227 Connecticut 06108
1 ATIN: D, J. Venables 1 ATIN: Dr. J, Brennan
1 Dr. F. Galasso
Massachusetts Institute of Technology, Department of
Metallurgy and Materials Science, Cambridge, University of California, Department of Materials Science
Massachusetts 02139 and Engineering, Hearst Building, Berkeley, California 94720
1 ATTIN: Prof, R, L. Coble 1 ATIN: Dr. D. Clarke
1 Prof. H. K. Bowen
1 Prof, W. D. Kingery University of California, Lawrence Livermore Laboratory,
1 Prof. R. Cannon P.0. Box 808, Livermore, California 94550
1 ATIN: Mr, R, Landingham
Materials Research Laboratories, P.0. Box 50, Ascot Vale, 1 Or. C. F. Cline
VIC 3032, Australia
1 ATTN: Dr, C. W. Weaver University of florida, Department of Materials Science and
Engineering, Gainesville, Florida 3260!
Midwest Research Institute, 425 Volker Boulevard, 1 ATTN: Or. L. Hench
fansas City, Missouri 64110
1 ATTN: Mr. Gordon W. Gross, Head, Physics Station University of Massachusetts, Department of Mechanical
Engineering, Amherst, Massachusetts 01003
Norton Company, Worcester, Massachusetts 01606 1 ATTN: Prof. K, Jakus
1 ATTN: QOr, N, Ault 1 Prof., J. Ritter
1 Dr. M. L. Torti
uUniversity of Newcastle Upon Tyne, Department of Metallurgy
Pennsylvania State University, Materials Researcn Laboratory, and Engineering Materials, Newcastle Upon Tyne, NE] 7 RU,
Materials Science Department, University Park, £ngland
Pennsylvania 16802 1 ATTN: Prof. K. H. Jack
1 ATTN: Prof. R. Roy
1 Prof, R. E. Newnham University of Washington, Ceramic Engineering Division, FB-10,
1 Prof. R, E, Tressler Seattle, Washington 98195
1 Prof. R. Bradt 1 ATTN: Prof, James I. Mucller
1 Prof, V., S. Stubican
Virginia Polytechnic In:titute, Department of Materials
Pratt and Whitney Aircraft, P.0. Box 2691, Engineering, Blacksburg, Virginia 24061
West Paim Beach, Florida 33402 1 Prof, D. P. H. Hasselman
1 ATTN: Mr. Mel Mendelson
Westinghouse Electric Corporation, Research Laboratories,
PSC, Box 1044, APO San Francisco 96328 Fittsburgh, Pennsylvania 15235
1 ATTN: MAJ A, Anthony Borges 1 ATIN: Dr. R, J, Bratton
1 Dr. 8. Rossing
RIAS, Bivision of the Martin Company, Baltimore, Maryland
1 ATTN: Dr. A, R. C. Westwood 1 Mr. Joseph T, Bailey, 3M Company, Technical Ceramic Products
Division, 3M Center, Building 207-1W, St. Paul, Minnesota 5510
Rockwell International Science Center, 1049 Camino Dos Rios,
Thousand Oaks, California 91360 1 Dr. Jacob Stiglich, Dart Industries/San fernando Laboratories,
1 ATTN: Dr. F, Lange 10258 Norris Avenue, Pacoima, California 9133)
Royal Aircraft Establishment, Materials Department, 1 Dr. J. Petrovic - (MB-5, Mail Stop 730, Los Alamos Scientific
R 178 Building, Farnborough, Hants, England Laboratories, Los Alamos, New Mexico 8754%
1 ATTN: Or. N, Corney
1 Mr. R. J, Zentner, LAl Corporation, 198 Thomas Jonnson Drive,
Shane Associates, Inc., 7821 Carrleigh Parkway, Suite 16, frederick, Maryland 21701
Springfield, Virginia 22152
1 ATTN: DOr. Robert S. Shane, Consultant 1 Dr. Howard Mizuhara, GTE-WESGO, 477 Harbor Boulevard,
Belmont, California 94002
Stlag Inc., P.0. Drawer H, 0ld Buncombe at Poplar Greer,
South Carolina 29651 1 Mr. Edward Kraft, Product Development Manager, Industrial
1 ATIN: Dr. Bryant C. Bechtold Sales Division, Kyocera International, Inc., 8611 Balboa Avenue,
San Diego, (alifornia 92123
Solar Turbine International, 2200 Pacific Coast Highway,
San Diego, California 92138 Director, Army Materials and Mechanics Research Center,
1 ATTN: Mr, Andrew Russel, Mail Zone R~} Watertown, Massachusetts 02172
2 ATTN: DRXMR-PL
Stanford Research International, 333 Ravenswood Avenue, 1 DRXMR-WD
Menlo Park, California 94025 2 Authors




——— e —

r—— = — — — — — =

_ *suoije|ndod Japmod 334y} ([P UBIMIIQ PIIOU 3udM S3DUBJ3) P sofey -AdoIsouaydads
UOLSSLWY pue ‘uoL3dedy Lp Aeu-x *sishA|eue Avua-Y 3aissadsip ABaaud ‘sysAieue |ewsayl
1RLIUBSSLP *AdODSOUI LW UO4YID|D BuLUURIS *SEAUR 3IRJANS *SUOLING}AISIP IZLS

3|d134ed Buisn pajoNpuOd SeM UOLIRZLJBIOCURY) *INRT S,UMO4G PUR "UIALY NZRA *4IALY

— 1ddISSLISSIK YT  SUOLILIO JUBLBJHLP 934yl JO YOPd WoJy SI{dwWeS ud3 papn|duy uoijeb
-LIS3AUL Yl  °PAZL43IdRARYD UdAQ IARY ‘LAdESSSSLW ‘BANGSAIIA UL UOLIRIS Judw| Jad

-xJ SAPMUIIOM 3Y] 43U PAIDAL |0 SILdwes u3jem ALy JO 4330w d3R|Ndt3aed By}

T— - — - - - — = =

az1s 3|dijaey 882-6/ J4SIM 49p4Q Away-Rajul *sa|qer-sni|}

sisAjeue 4ajey - dd g ‘1961 A4enuqai ‘6-18 Yl JWY I4oday |dLuyda) _
Sjudupag K3 neyoy "M sawep
spJdon A3y Pu® U[QJ0) ‘G PUBMION - STTINVS
YILVM 005961 2JAN NOILVLS INIWIYI4XI
_ N N SAYNYILYM 30 NOLLVZINILOVHVHD ¥3QMOd
2L120 SIydsnydessey .Ev&ou-:

ay $A33UIY YOURISIY SILURYIIN pue S| RIJIIEY Away
_ *suoije|ndod 4apmod d94y) |(© UIIMIBQ PAIOU IUIM SIJUIUISSLP Jofel “Adods0.43d9ds _

UOLSSLWA puR ‘UOL3IRAY4LP ARa-X *sisAleur Aed-Y dAissadsip ABsaud *siskeue |euwuay;
121334333 1p *Ad03S0491W U043I|d Buiuueds *seaude 3Ie44NS *SUOLINGLUISIP 32)S

a|d134ed Buisn pajonpuod Sem UOLIBZLJIIDCJARY) “ANRT S,UMOJd PUR ‘UBALY NZRA “4IALY

— 1ddLSSLSS|N YD  ISUOLIRIO| JUBLISHLP B4YI JO YIBI wouy Sa|dwes uadl papn|oul uoy3ed
-L3S3AUL 3Y] °PIZL4AIO04RYD UIDG IARY ‘1ddiSSISSIN *BANQSHILA Ui uot3eIS Judwyuad

-X] SAeMUdIeM Ay] Ledu Pajd3| (03 sa|duwes uajem AJ4Ly) JO 4330w aje ndijaed Ayl

azLs a|dt3ded §82-6/ JYSIM 48P Audy-euju] ‘sa|qei-snj()
sisAieue 4ajey - dd g| *1861 A4eNuqa] *6-18 Ul JYWWY 340ddY |eILuyIdY
S1u3wLpag Kanejow °n sawep
Spdop A3y Pue u1qu0) *Q PuURWJON - SITINVS
Y3ILYM 00S961 JJWN NOILVLS INIWINIAX3
_ NOLLNIHLSIS awINI TN SAVMYILVM 30 NOILVZI¥ILOVYYHD H3QMOd

2L120 S3Iasnydessey ‘umolsazen
433U Y2J4PaSAY SOLURYIIW PuR S B}4IIPY Auwly

av

,...! \.‘.. .t..i

LA I It (e ol Aol

*suoije|ndod 43pmod 33.y) ([ USIMIAQ PIIOU 3JIM SIIUIABSHLP Joley °Adoiso4ydeds _
UOLSSLD puP ‘U0I1dRAJ3LPp ARu-X *‘sisAieur Aeua-X aaLsiadsip AB4dud *sisA(eur |muwsdy)
1PLIUB43 4P *AdOISO4IIW UOLIID|D BuLuueds *Seadr adeJUNs *SUOLINGLIISLP 3ZiS
3[d1340d BuisSn PIIONPUOD SBM LO|IRZLAIIDRARY) 3N S,UMOJG PUP ‘UDALY NZRA “4dALY

1ddISSISSLW YT  ISUOLILIO| JUDUISSLP 3BSYT JO YOBD WO4y SI|dwes ud) papn|dui uoiled _
-11S9AUL BYY PAZI4dIORIRYD UDIQ IARY *1OdLSSISSIK *6UNQSADLA Ui UOLIRIS Judwisad
=x3 sAemsdiem 3yl Jdeau PaIdA( {02 Sajdues Jajem AJ4iy3 JO 4Iew Ije(ndLlaed )

o:mu_u_te Sm-a:amu:bosxﬁfgs.323-3:_
siskjeue Jajen - dd 81 *1861 A4enuqaj ‘6-18 Y1 JWBV 14043y |eILBYIIL *

Sauawipag A3|neyy M sawer
spaop Aay PuUR ULQ40) "0 PUNIION - STTdWYS
Y3I1VM 00S961 J4WN NOILVLS ANIWI¥I4X3
N N SAVNEILVM 40 NOLLVZIN3LOVHYH) B30MOd _
20120 SIIISNYILSSEY ‘umoluden
[({'} $133U37 YOJRISIY SOLURYIMY pue S| PLUITRY Away

*suojje|ndod Japmod 334y] ([0 UIIMIIQ PIIOU Iuam SIDUIIA4LP soley ~AdODSO04]J9ds .
UOLSSLWD PUP ‘UOL1D04J)Lp Aea-) ‘sysA|eue Aea-X aA1S4ddSiE AB4aud ‘sisA|eue |euudy)
{PIIUAIISLP *AdOISOUI 1M UOLIIILD BuLUURIS *SPAJP 3D04UNS *SUOLINGLAISLD IZLS
3[J1240d GuLSN PIIINPUOD SEM UCLIPZIIIIORABY) "INV S,UM04G PUR “UIALY NZRL *UIALY

1AdISSISSIW YT 1SUOLIPD0| JUILISHLP J344] JO YO®d wouy SI|dweS uadl PapPNn|dui uoLIeh _
~1ISIAUL YL “PIZLAIIIVIMYD UIIQ IARY *10d1SSISSLK ‘BunaSAIA UL uoLIRIS JudwLadd
=X] SAPMIIION Y] JPBU P 1IDL 10D SI{dWRS Jdjem AJuLyd 4O 4320w 2P| NDL34Rd By

3215 (211404

882-6L JUSIN 43PA) Auway-eaju] *sa|qei-sn||t
sisAteue aajen - dd gl (B0i A4enugay ‘6-18 ¥l JUMWY 34003y |edLuyda) _
SJudwLpas Aaneyy °n sawer
spaop Aay PUP UQU0) "0 PUBMIION - STTWVS
YILVA 00S961 N NOTLVLIS ININI¥IAXI
Lt SAVRUILVA 30 NOTLVZIYILIVUVHI ¥3ONOd _
20120 S1395NydeSSEeY ‘umolaajen
av CA3TWR) YOARITIY SOLURYIIN PuR S| eiJdley Amuy
:
. —_ = e g







